We used the muscle creatine kinase (MCK) conditional frataxin knockout mouse to elucidate how frataxin deficiency alters iron metabolism. This is of significance because frataxin deficiency leads to Friedreich's ataxia, a disease marked by neurologic and cardiologic degeneration. Using cardiac tissues, we demonstrate that frataxin deficiency leads to down-regulation of key molecules involved in 3 mitochondrial utilization pathways: iron-sulfur cluster (ISC) synthesis (iron-sulfur cluster scaffold protein1/2 and the cysteine desulferase Nfs1), mitochondrial iron storage (mitochondrial ferritin), and heme synthesis (5-aminolevulinate dehydratase, coproporphyrinogen oxidase, hydroxymethylbilane synthase, uroporphyrinogen III synthase, and ferrochelatase). This marked decrease in mitochondrial iron utilization and resultant reduced release of heme and ISC from the mitochondrion could contribute to the excessive mitochondrial iron observed. This effect is compounded by increased iron availability for mitochondrial uptake through (i) transferrin receptor1 up-regulation, increasing iron uptake from transferrin; (ii) decreased ferroportin1 expression, limiting iron export; (iii) increased expression of the heme catabolism enzyme heme oxygenase1 and down-regulation of ferritin-H and -L, both likely leading to increased ''free iron'' for mitochondrial uptake; and (iv) increased expression of the mammalian exocyst protein Sec15l1 and the mitochondrial iron importer mitoferrin-2 (Mfrn2), which facilitate cellular iron uptake and mitochondrial iron influx, respectively. Our results enable the construction of a model explaining the cytosolic iron deficiency and mitochondrial iron loading in the absence of frataxin, which is important for understanding the pathogenesis of Friedreich's ataxia.
M
any mechanisms involved in iron metabolism have been deciphered through the analysis of diseases or mutant animals. Understanding the mitochondrial iron-loading disease Friedreich's ataxia is of special interest, because it could aid in the clarification of mechanisms of mitochondrial iron transport (1).
Friedreich's ataxia is an inherited ataxia characterized by progressive neurologic and cardiologic degeneration and mitochondrial iron loading (1) . This condition is caused by reduced expression of the mitochondrial protein frataxin (2) . The precise function of frataxin remains unclear, but it has been implicated in mitochondrial iron metabolism, particularly iron-sulfur cluster (ISC) synthesis (3) (4) (5) . Frataxin depletion results in mitochondrial DNA damage, mitochondrial iron accumulation, ISC deficiency, perturbed heme synthesis, and oxidative damage (6) (7) (8) (9) . In addition, recent studies have suggested cytosolic iron deficiency in Friedreich's ataxia models, as indicated by increased RNA-binding activity of iron regulatory protein 2, increased expression of transferrin receptor 1 (Tfr1), and decreased cytosolic ferritin (10, 11) .
Three main mitochondrial iron utilization pathways are known: heme and ISC synthesis, and mitochondrial iron storage (1) . The mitochondrion is the main site of ISC biosynthesis, providing ISCs for mitochondrial, cytosolic, and nuclear proteins (12) . In humans, ISC assembly is facilitated by the product of the nitrogen fixation gene 1 (Nfs1), which provides sulfur (13) and the ISC scaffold proteins 1 and 2 (Iscu1/2) (1). Frataxin is involved in the formation of ISCs (14) (15) (16) (17) , and reduced activity of ISC-containing enzymes occurs early after frataxin depletion (7, 18) .
The mitochondrion is the only site of heme synthesis. The final enzyme in this pathway is ferrochelatase (Fech) (1) , an ISCcontaining protein whose activity may be frataxin-dependent (19) and is down-regulated in the yeast frataxin homolog-depletion model (9) . There is some evidence that frataxin plays a role in heme synthesis (9, 20, 21) , although the precise mechanisms involved are unclear. Apart from the 2 iron-requiring synthetic pathways in the mitochondrion, mitochondrial ferritin (Ftmt) appears to sequester ''free'' mitochondrial iron (22, 23) . The participation of frataxin in mitochondrial iron metabolism is evident from the frataxin deficiency observed in Friedreich's ataxia, which leads to mitochondrial iron loading. However, the exact function of frataxin in these pathways remains elusive and requires further study (1) .
Because complications from cardiomyopathy are a frequent cause of death in Friedreich's ataxia, we used muscle creatine kinase (MCK) conditional frataxin knockout (mutant) mice, which lack frataxin in only the heart and skeletal muscle (7) . In this model, the tissue-specific Cre transgene under the control of MCK promoter results in the conditional deletion of frataxin (7). Our aim was to explore the changes in iron metabolism due to frataxin deficiency. These mutants exhibit classical traits of the cardiomyopathy in Friedreich's ataxia, including cardiac hypertrophy, ISC enzyme deficiency, and marked mitochondrial iron accumulation (7, 11, 24) . Thus, this model closely reflects the cardiac pathology in Friedreich's ataxia.
Here, we present results from cardiac tissues from MCK mutant and wild type (WT) mice that support a model describing the effects of frataxin deficiency on iron metabolism. Our findings demonstrate significant down-regulation of key molecules involved in all 3 pathways of mitochondrial iron utilization which contribute to mitochondrial iron loading. Further, we report alterations in gene and protein expression that allow increased cellular iron uptake, decreased cytosolic iron storage, and stimulation of mitochondrial iron uptake, leading to mitochondrial iron targeting and cytosolic iron deficiency. compared with WT littermates. We compared gene expression in the mutant and WT littermates at age 4 weeks, when no overt phenotype is evident, and at age 10 weeks, when cardiomyopathy is evident, including marked mitochondrial iron loading (7, 11) .
Examining these microarray data from the 4-and 10-week-old mutants and WT littermates using principal component analysis (25) revealed extensive deviation between the genome-wide expression profile of the 10-week-old mutants and their WT littermates, but little difference between the 4-week-old mutants and their WT littermates (Fig. 1A) . Comparing the mutants and WTs at each age, this corresponds to 1,732 genes significantly altered at 10 weeks and only 5 genes significantly altered at 4 weeks (Table  S1 ). Only 12 genes were significantly altered between the 4-weekold and 10-week-old WT mice, presumably reflecting developmental alterations. In marked contrast, 1,353 genes were altered between the 4-week-old and 10-week-old mutants (Table S1 ).
To explore whether frataxin deletion affects any specific biological processes, we analyzed the list of significantly altered genes in 10-week-old mutants using the functional annotation software DAVID, according to the classification of biological processes assigned by the Gene Ontology Consortium (26) . We found that various processes were significantly (P Ͻ .05) modulated, including development, molecular localization, metabolism, and regulation ( Fig. 1 B and C) . The top 3 up-regulated general gene groups function in protein localization, intracellular transport, and apoptosis. In contrast, the top 3 groups of genes down-regulated are involved in amino acid and derivative metabolic processes, DNA packaging, and nucleosome assembly. The importance of these alterations to the pathogenesis of Friedreich's ataxia is unclear, but the down-regulation of genes involved in heme synthesis (Fig. 1C) is of particular significance to this analysis.
Frataxin Deficiency Alters the Expression of Genes Involved in Iron
Metabolism in the Heart. The mechanism involved in mitochondrial iron accumulation in Friedreich's ataxia remains unclear (27) , and deciphering it is imperative for understanding the function of frataxin in iron homeostasis and the pathogenesis of Friedreich's ataxia. To investigate whether decreased frataxin causes disturbance in the expression of genes involved in iron metabolism, we examined a list of genes exhibiting significant (P Ͻ .05) differential expression, leading to the identification of 18 genes associated with iron metabolism (Table S2 ). These were not the only genes identified from the microarray that were significantly differentially expressed; the remainder play roles in cardiac hypertrophy and other functions. Considering the role of frataxin in mitochondrial iron metabolism (1), we focused on the alteration of gene expression in these pathways. (Table S2 ) with significantly altered expression can be grouped into the categories: cellular iron metabolism, heme biosynthesis, ISC biosynthesis, iron-sensing proteins, cytokines, and energy metabolism. These genes include ferroportin 1 (Fpn1), Tfr1, heme oxygenase 1 (Hmox1), ferritin light chain (Ftl1), exocyst complex component 6 (Sec15l1), mitoferrin 2 (Mfrn2), ceruloplasmin (Cp), and hephaestin (Heph). Significant changes in expression were confirmed for most of the genes at the mRNA level by RT-PCR ( Fig. 2) and at the protein level by Western blot analysis (Fig. 3) . The exceptions were Cp and Ftl1, which exhibited no change in mRNA level. Expression of Heph and Mfrn2 could not be confirmed at the protein level, due to the unavailability of antibodies.
mRNA and protein expression of the iron exporter Fpn1 were decreased in 4-week-old mutants, but more markedly and significantly (P Ͻ .01) decreased in 10-week-old mutants (Figs. 2 and 3) . Tfr1, the primary source of iron uptake (28), was significantly (P Ͻ .01) increased at the mRNA and protein levels in the 4-week-old mutants and especially in the 10-week-old mutants. Both upregulation of Tfr1 and down-regulation of Fpn1 are consistent with our previous findings using MCK mutants (11) . These observations suggest increased iron import and decreased iron export, respectively, and are indicative of a response to cytosolic iron deficiency. The significant (P Ͻ .05) up-regulation of Hmox1 mRNA and protein levels in the 10-week-old mutants indicates liberation of ''free iron'' through heme catabolism. The marked and significant (P Ͻ .001) decrease in ferritin-H (Fth1) and -L (Ftl1) chain protein in the 10-week old mutants (Fig. 3 ) also confirmed the cytosolic iron deficiency.
Furthermore, mRNA and protein expression of Sec15l1 (Figs. 2 and 3) and mRNA expression of mitochondrial iron importer Mfrn2 (Fig. 2 ) were significantly (P Ͻ .05) up-regulated. The exocyst complex component Sec15l1 has been implicated in assisting transferrin (Tf) Tfr1-containing endosome uptake (29, 30) . Thus, the alterations in these 2 molecules indicate increased iron uptake and mitochondrial iron import. This increase in mitochondrial iron trafficking would exacerbate the cytosolic iron deficiency and facilitate mitochondrial iron overload. This could lead to a constant iron flux being trafficked to the mitochondrion, where iron utilization pathways are down-regulated (see below), leading to mitochondrial iron accumulation (7, 11) .
Frataxin Deficiency in the Heart Leads to Suppression of Proteins in
Mitochondrial Iron Utilization Pathways. It was of interest to find that in the microarray, the expression of key molecules in heme and ISC biosynthesis, as well as iron storage, were significantly decreased in the mutant. In terms of heme synthesis, there was significant (P Ͻ .05) down-regulation of coproporphyrinogen oxidase (Cpox), hydroxymethylbilane synthase (Hmbs), 5-aminolevulinate dehydratase (Alad), uroporphyrinogen III synthase (Uros), and ferrochelatase (Fech) ( Table S2 ). In the ISC pathway, there was significant down-regulation of Nfs1 (1, 13) (Table S2) .
RT-PCR confirmed the significant (P Ͻ .05) down-regulation observed in the microarray for these latter genes at age 10 weeks (Fig. 2) . Western blot analysis also was performed (Fig. 3) , but due to the limited antibody availability, only a subset of molecules was analyzed: Alad, Uros, Fech, Nfs1, and Iscu1/2. Although Iscu1/2 was not differentially expressed in the microarray, it was included for Western blot analysis, because Iscu and Nfs1 play crucial roles in ISC synthesis (1), and assessing this was vital.
Western blot analysis (Fig. 3 ) confirmed the significant (P Ͻ .01) down-regulation of all molecules in the heme and ISC synthetic pathways that were identified in 10-week-old mutants by the microarray (Table S2 ) and RT-PCR (Fig. 2) . Although altered expression of the mitochondrial iron storage molecule, Ftmt, was not identified in the gene array, significant (P Ͻ .001) downregulation of Ftmt protein expression was found (11) (Fig. 3) .
Together with our finding of down-regulation of heme and ISC biosynthesis, this demonstrates suppression of mitochondrial iron utilization.
Another gene up-regulated in the mutant was ferredoxin reductase (Fdxr) (Table S2) , and this was confirmed by RT-PCR to be significant (P Ͻ .01) in 10-week-old mutants compared with WT mice (Fig. 2) . The importance of this molecule in iron metabolism is highlighted by the fact that depletion of yeast Fdxr is known to cause dysregulation of iron metabolism (31) . Ferredoxin facilitates electron transfer to enzymes, including those involved in heme synthesis (32) . In this study, Fdxr up-regulation may be related to heme a synthesis, which is required for oxidative phosphorylation. Our proteomic studies have shown that frataxin depletion leads to energy metabolism deficiencies in MCK mutants, leading to metabolic compensation in an attempt to overcome the deficit (24) . This may explain the Fdxr up-regulation.
MCK Mutants Exhibit Decreased Cardiac Heme Content. Considering our observations of decreased expression of key enzymes in heme biosynthesis and increased Hmox1 expression, we explored whether frataxin deficiency leads to reduced total cardiac heme in mutants. Analysis of heart heme revealed a significant (P Ͻ .001) reduction in the 10-week-old mutants to almost half that of the WT mice (7.3 Ϯ 0.6 vs. 12.5 Ϯ 1.5 nmol heme/mg protein). There was no significant difference in heme levels between the 4-week-old mutants and WT mice.
Frataxin Deficiency in the Heart Affects Genes That Modulate Hepcidin
Expression. We also identified a number of other significantly differentially expressed genes that regulate the important hormone hepcidin, which modulates systemic iron levels (28, 33) (Table S2) . Confirmation of alterations in mRNA expression by RT-PCR (Fig.  2 ) in 10-week-old mutants revealed significant (P Ͻ .01) upregulation of hypoxia inducible factor-1␣ (Hif1␣), significant (P Ͻ .01) up-regulation of interleukin-6 (Il6), and significant (P Ͻ .05) down-regulation of hemochromatosis type 2 (Hfe2). Western blot analysis of Hif1␣ and Hfe2 protein confirmed the RT-PCR results, demonstrating significant (P Ͻ .01) up-regulation of Hif1␣ and significant (P Ͻ .01) down-regulation of Hfe2 in the 4-week-old and 10-week-old mutants (Fig. 3) . In contrast, Il6 protein was difficult to detect, probably because of its rapid secretion from myocytes.
Systemic Dysregulation of Iron Metabolism Occurs in MCK Mutants.
Considering that our data illustrate alterations in expression of molecules that play crucial roles in regulating systemic iron metabolism via their effects on hepcidin (e.g., Il6) (28, 33) , it was of interest to examine the iron content of organs other than the heart in the mutants. As shown previously (7), the MCK promoter leads to deletion of frataxin in striated muscle, but not in other tissues, as confirmed in this study by genomic PCR (Fig. 4 A and B) . Hence, not only the heart was significantly (P Ͻ .001) iron-loaded in 10-week-old MCK mutants, but also the liver, kidney, and spleen (Table S3 ). This indicated that deletion of frataxin in only the muscle of MCK mutants resulted in changes in systemic iron metabolism.
We then analyzed frataxin mRNA expression in the heart, liver, kidney, and spleen of 10-week-old mutant and WT mice (Fig. 4C) . Despite the fact that the frataxin gene was not deleted in the liver, kidney, or spleen (Fig. 4B) , frataxin mRNA expression in the mutant was significantly (P Ͻ .05) decreased in the liver and kidney compared with the WT mice (Fig. 4C) . These alterations in frataxin expression potentially could be mediated by systemic factors involved in modulating iron metabolism. However, the extent of frataxin down-regulation (58-80% of the WT) in the liver, kidney, and spleen was not as pronounced as the marked and significant (P Ͻ .001) decrease of expression in the mutant heart (3% of the WT; Fig. 4C ). Ablation of frataxin expression in the heart was not complete, because it was a total organ preparation containing other cells besides myocytes.
Discussion
Elucidation of mitochondrial iron trafficking pathways is important for understanding heme and ISC synthesis and the pathogenesis of diseases due to disturbances in these pathways (1) . Because frataxin is localized in the mitochondrion and plays a role in iron metabolism, the MCK mutant, which demonstrates clear mitochondrial iron loading (7), provides a unique model for examining the role of frataxin in these pathways.
Myocardial Iron Metabolism is Altered by Frataxin Deficiency.
Our study enables construction of a model of the defective iron metabolism in the mutants (Fig. 5) . There was significant down-regulation of molecules that play key roles in the 3 main pathways of mitochondrial iron utilization: heme and ISC biosynthesis, and mitochondrial iron storage (Figs. 2 and 3) . Thus, mitochondrial iron would be insufficiently used for heme and ISC synthesis, both of which are normally effectively transported out of the mitochon- (7). Flag, loxP site; B, BamHI; E, exon; P, primer; X, XbaI; X o , modified XbaI. (B) The L3 allele was identified in the liver, kidney, and spleen, but not the heart, of the mutants, demonstrating the muscle-specific deletion of exon 4. This results in the ⌬ allele in the mutant heart only. PCR conditions were as described previously (7, 11) . (C) RT-PCR showing pronounced down-regulation of frataxin mRNA in the heart and less marked reductions in the liver and kidney of 10-week-old mutants relative to WT mice of the same age. Densitometry data are reported as the mean Ϯ SD of drion for cytosolic use (1) . Direct evidence of these metabolic defects was provided by the decreased cardiac heme in the mutants, diminished activity and expression of ISC enzymes [e.g., succinate dehydrogenase (Sdha); see Fig. 3 and refs. 7, 11, and 24], and increased mitochondrial iron loading in the mutants (7, 11) .
Previous studies have shown that mitochondrial iron uptake and utilization for heme synthesis are not well coupled, with no obvious negative feedback mechanism apparent (34, 35) . This is evident when heme synthesis is prevented using succinylacetone, a specific inhibitor of Alad (34, 35) . Inhibition of this or other enzymes in this pathway (1) results in pronounced mitochondrial iron loading in reticulocytes (34, 35) . Under these conditions, the inhibition of heme synthesis leads to increased iron uptake from Tf and decreased ferritin iron uptake (34, 35) . In fact, iron continues to enter the mitochondrion despite the absence of heme synthesis to use and then export it from the mitochondrion as heme, leading to mitochondrial iron loading (34, 35) . Hence, these observations when heme synthesis is inhibited in erythroid cells are very similar to our findings in the mutant hearts.
Considering the foregoing, it is notable that Alad and 4 other molecules in the heme synthesis pathway are down-regulated by frataxin deficiency in the mutant. This, together with defective ISC biosynthesis and decreased Ftmt, would lead to decreased mitochondrial iron utilization and excess ''free'' iron that cannot be exported from the mitochondrion as heme or ISCs. This would contribute to the mitochondrial iron loading observed (Fig. 5) . Supporting our findings, a direct interaction between purified frataxin and Fech has been reported, suggesting a role for frataxin in heme synthesis (9, 20) . Indeed, we have suggested that frataxin acts as a metabolic switch to regulate mitochondrial iron utilization between heme and ISC biosynthesis (8) . Moreover, an investigation in frataxin knockout mice showed decreased Isu1, Cpox, and Fech mRNA transcripts (not protein levels) (21) , which is validated by our findings.
The decrease in mitochondrial iron utilization appears to be only part of the defect caused by frataxin deficiency that leads to mitochondrial iron accumulation. Coupled with defective mitochondrial iron utilization in the mutant, our findings indicate at least 4 mechanisms responsible for the cytosolic iron deficiency and increased mitochondrial iron influx that contribute to mitochondrial iron overload (Fig. 5) . First, there was marked Tfr1 upregulation in the mutants (Figs. 2 and 3 ), leading to increased 59 Fe uptake from 59 Fe-Tf in vivo in the hearts of the mutants (11). Second, there was down-regulation of Fpn1, decreasing cellular iron release. Third, there was increased Hmox1, which catabolizes cytosolic heme, concurrent with decreased protein expression of Ftl1 and Fth1 (Fig. 3) , leading to reduced cytosolic iron incorporation and storage (Fig. 5) . We have directly shown this effect in MCK mutants in vivo using 59 Fe-Tf uptake studies (11) . These alterations in protein expression explain our studies in vivo demonstrating lower amounts of 59 Fe incorporated from 59 Fe-Tf into the cytosol of mutant relative to WT hearts (11) . Fourth, the increased expression of Sec15l1 (Figs. 2 and 3) , a proposed mammalian exocyst protein (29, 30) , and Mfrn2, a mitochondrial iron importer (28) , in the mutant could facilitate mitochondrial iron influx, which is enhanced in this animal model (11) . This iron is obtained via increased iron uptake from Tf by Tfr1, increased liberation of cytoplasmic iron from heme via Hmox1, and downregulation of iron storage in cytosolic ferritin. Considering this in terms of enhanced mitochondrial iron uptake, Sec15l1 plays a role in the Tf cycle via its association with Rab11, a GTPase involved in vesicular trafficking (29, 30) . Inactivation of Sec15l1 alters recycling of Tf-containing endosomes, increasing Tfr1 exocytic vesicular release and reducing cellular iron uptake (29, 30) . Therefore, increased Sec15l1 in the mutant could contribute to increased iron uptake and mitochondrial iron loading, particularly in association with increased Mfrn2 expression, exacerbating the effect of the latter (Fig. 5) .
Collectively, the reduction in mitochondrial iron utilization, coupled with the augmented iron uptake and decreased storage and utilization of iron in the cytosol, coalesce to lead to a mechanism that targets iron to the mitochondrion in the mutant (Fig. 5) . These alterations in cellular and mitochondrial iron trafficking cannot be considered a primary or secondary event of frataxin deficiency. Nonetheless, these processes do lead to mitochondrial iron overload, which is considered detrimental (1, 11) .
Systemic Iron Metabolism is Altered in Frataxin Deficiency in Heart
and Muscle. Our findings also provide evidence of alterations in systemic iron metabolism in the mutants, resulting in increased spleen, liver, and kidney iron (Table S3 ). In fact, we found modified Hif1␣, Il6, and Hfe2 expression in mutant hearts (Table S2 ; Fig. 2 ). These molecules are involved in regulating hepcidin, which plays a key role in systemic iron homeostasis (28) .
Of note, Il6 has been identified as a myokine (i.e., produced by myocytes) and can modulate metabolism in the absence of inflammation (36) . Thus, it could be a regulator in the MCK mutants, where the deletion of frataxin occurs only in the heart and skeletal muscle ( Fig. 4A; ref. 3). Il6 acting systemically via hepcidin (28, 33) could result in Fpn1 down-regulation in the heart (Fig. 3) and other tissues and thereby contribute to the increased iron levels (Table S3) . Moreover, Il6 can lead to iron loading of the liver and brain in other animal models (37, 38). 5 . Model of altered iron metabolism due to frataxin deficiency in MCK mutant hearts. Frataxin deficiency leads to increased mitochondrial-targeted iron uptake and cytosolic iron deficiency, facilitated by (i) Tfr1 up-regulation, increasing transferrin iron uptake; (ii) Fpn1 down-regulation, preventing iron release; (iii) Hmox1 up-regulation, increasing cytosolic heme catabolism; and (iv) Sec15l1 up-regulation, potentially aiding iron uptake. Iron is then taken up more avidly by the mitochondrion via increased Mfrn2. Moreover, there is downregulation of 3 major pathways of mitochondrial iron utilization-ISC synthesis, heme synthesis from iron incorporation into protoporphyrin IX (PIX), and mitochondrial iron storage (Ftmt). The decreased iron utilization in these pathways reduces iron export from the mitochondrion as heme and ISCs. This suppression, together with increased iron uptake, decreased iron release, and iron targeting to the mitochondrion, leads to the marked mitochondrial iron loading (1).
In conclusion, we have identified alterations in gene and protein expression that occur in the MCK mutants that explain the cytosolic iron deficiency and mitochondrial iron overload occurring in frataxin deficiency (Fig. 5) . Frataxin deficiency leads to downregulation of 3 key mitochondrial iron utilization pathways (ISC synthesis, heme synthesis, and mitochondrial iron storage). There is also increased iron availability for mitochondrial iron uptake mediated by increased Tfr1, decreased iron release by reduced Fpn1, increased heme catabolism, down-regulation of cytosolic ferritin, and increased expression of molecules that could enhance cell and mitochondrial iron uptake (Sec15l1 and Mfrn2, respectively). This study is important for deciphering the role of iron in the pathogenesis of Friedreich's ataxia.
Materials and Methods
Animals. Mutants homozygous for deletion of Frda exon 4 ( Fig. 4 A and B) and WT mice were used and genotyped as described previously (7) . All animal work was approved by the University of Sydney's Animal Ethics Committee.
Microarray Processing. Total RNA was isolated from hearts of 8 female littermates: two 4-week-old WTs, two 4-week-old mutants, two 10-week-old WTs, and two 10-week-old mutants. Total RNA was isolated using TRIzol (Invitrogen). First-strand cDNA synthesis and biotin-labeled cRNA were performed and hybridized to the mouse Affymetrix GeneChip 430 2.0 (39).
Microarray Data Analysis. A 2-phase strategy was used to identify differentially expressed genes (39) . First, genome-wide screening was performed using Affymetrix GeneChips. Then, low-level analysis was performed with Affymetrix GeneChip Operating Software 1.3.0, followed by the GC robust multiarray average (GCRMA) method for background correction and quantile-quantile normalization of expression. Tukey's method for multiple pairwise comparisons was applied to acquire fold-change estimations. Tests for significance were calculated and adjusted for multiple comparisons by controlling the false discovery rate at 5% (40) .
Definitive evidence of differential expression was obtained from RT-PCR assessment of samples used for the microarray analysis and at least 3 other independent samples. Principal component analysis was performed by standard methods (25) . Functional annotation of genes was assigned via Gene Ontology (http://www.geneontology.org) and classifications obtained through DAVID (http://david.abcc.ncifcrf.gov).
RT-PCR and Western Blot Analysis. RT-PCR was performed (11) using the primers listed in Table S4 . Western blot analysis was performed (11) Heme Assay. Hearts were exhaustively perfused and washed with PBS (0.2% heparin at 37°C) to remove blood. After homogenization, heme was quantified using the QuantiChrom Heme Assay (BioAssay Systems).
Tissue Iron Stores. Tissue iron was measured via inductively coupled plasma atomic emission spectrometry (39) .
Statistical Analysis. Data were compared using the Student t-test. Data were considered statistically significant when P Ͻ .05. Results are expressed as mean Ϯ SD or mean Ϯ SEM.
